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Abstract 
Soybean [Glycine max (L.) Merr.] planting date and maturity group are important agronomic decisions. 
This study quantified how maturity group selection and later than optimal planting dates affected grain 
yield and crop development across Iowa, US. Field experiments were conducted in seven locations 
between 2014 and 2016. Cultivar maturities ranged from 2.2 to 3.7 MG and planting dates targeted for 
20-day intervals from early May to early July. Soybean grain yield ranged from 0.27 to 7.54 Mg ha-1. 
Cultivar maturity had little to no effect on grain yield at 4 of 7 sites while planting date was significant at 
all sites (p<0.001) and the planting date and cultivar maturity interaction was not significant. As planting 
date was delayed, the VE- R3 and R3-R7 periods were each shortened by up to 15-20 days. The shorter 
growing period resulted in less radiation and growing degree day accumulation. A exponential-plateau 
relationship between relative yield and GDD was evident for the VE-R3 phase, with a plateau at 700oC 
days. A linear relationship between yield and GDD was evident from R3-R7, suggesting greater yield with 
more accumulated GDD. The opposite relationships were found for photoperiod which had a linear 
relationship for the VE-R3 and curvilinear for the R3-R7 phases. These results showed that yield potential 
would be maximized by planting before 20 May. We concluded that planting earlier in the spring was a 
better management practice than maturity selection to maximize yield and the R3-R7 period duration was 
critical in determining potential yield. 
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6 Core Points:
7 1) Soybean planting date affected yield potential more than MG in Iowa.
8 2) Delayed planting shortens development periods and thus less radiation and GDD
9 accumulation.
10 3) The critical planting date is 20 May to achieve high yields in Iowa.
11
12 Abstract
13 Soybean [Glycine max (L.) Merr.] planting date and maturity group are important agronomic 
14 decisions. This study quantified how maturity group selection and later than optimal planting 
15 dates affected grain yield and crop development across Iowa, US. Field experiments were 
16 conducted in seven locations between 2014 and 2016. Cultivar maturities ranged from 2.2 to 
17 3.7 MG and planting dates targeted for 20-day intervals from early May to early July. Soybean 
18 grain yield ranged from 0.27 to 7.54 Mg ha-1. Cultivar maturity had little to no effect on grain 
19 yield at 4 of 7 sites while planting date was significant at all sites (p<0.001) and the planting 
20 date and cultivar maturity interaction was not significant. As planting date was delayed, the VE-
21 R3 and R3-R7 periods were each shortened by up to 15-20 days. The shorter growing period 
22 resulted in less radiation and growing degree day accumulation. A exponential-plateau 
23 relationship between relative yield and GDD was evident for the VE-R3 phase, with a plateau at 
24 700oC days. A linear relationship between yield and GDD was evident from R3-R7, suggesting 
25 greater yield with more accumulated GDD. The opposite relationships were found for 
26 photoperiod which had a linear relationship for the VE-R3 and curvilinear for the R3-R7 phases. 
27 These results showed that yield potential would be maximized by planting before 20 May. We 
28 concluded that planting earlier in the spring was a better management practice than maturity 
29 selection to maximize yield and the R3-R7 period duration was critical in determining potential 
30 yield.
31
32 Abbreviations: Day of year (DOY), maturity group (MG), planting date (PD), growing degree 
33 days (GDD), standard error (se)
34
35 Introduction
36 Soybean cultivars have a yield potential exceeding 7.0–9.2 Mg ha-1 (Van Roekel et al., 2015), but 
37 this potential is rarely met due in part to growth limiting factors commonly caused by delayed 
38 planting and uncertainty of cultivar maturity within an environment (De Bruin and Pedersen, 
39 2007a). Management decisions such as early planting and maturity selection are implemented 
40 by farmers and researchers to minimize the gap between potential yield and actual yield. 
41 Planting earlier has the potential for greater canopy photosynthesis and earlier and longer 
42 reproductive periods to occur. Longer cultivar maturity is typically expected to yield more due 
43 to greater duration of the growing season when late planting and early spring frost are not 
44 experienced (Nafziger, 2015).
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45
46 In Iowa, the second largest soybean producing state in the US (USDA-NASS, 2018), soybean 
47 planting delays occur because corn (Zea mays L.) planting is a priority, cool and wet soil 
48 conditions often occur, and logistical issues are increasing due to increasing farm size. Current 
49 recommendations in Iowa advise an optimum planting date during the last week of April for 
50 southern Iowa and the first week of May for northern Iowa (De Bruin et al., 2007b). In the 
51 Midwest, Egli and Cornelius (2009) found that planting could be delayed to 30 May before a 
52 resulting grain yield loss of 0.7 percent per day occurs and Hankinson et al. (2015) found that 
53 yield decreased by 0.04 Mg ha-1 day-1 from the first to last planting date (5 May to 2 July mean 
54 first and last day of planting, respectively). Selecting a favorable cultivar maturity has been 
55 studied as a way to mitigate the effect of planting date on grain yield, but has been found to 
56 have little to no effect (Anderson and Vasilas, 1985; Barreiro and Godsey, 2013; Johnson and 
57 Major, 1979; Raymer and Bernard, 1988; Wilcox and Frankenberger, 1987).
58
59 Weather variability can greatly affect the magnitude of the planting date effect on yield (Egli 
60 and Cornelius, 2009). Weather, in particular temperature, and photoperiod, determine the 
61 length of the growing season from the first day of suitable planting conditions to the first 
62 suitable day for harvest (Archontoulis et al., 2014). Weather and photoperiod influence 
63 photosynthesis, heat stress and water stress thereby affecting the initiation of crop growth 
64 stages (Mourtzinis et al., 2015). Decreased photoperiod and radiation lead to decreased 
65 photosynthesis, which delays crop development while delayed planting shifts the grain filling 
66 period into a less favorable environment with shorter photoperiod and lower temperatures 
67 (Chen & Wiatrak, 2010).
68
69 Across the US, farmers select crop cultivars several months prior to planting. Decisions based 
70 on recommendations given by seed dealers or Extension guides assume average weather. With 
71 increased climate variability, there is a need to continually update planting recommendations 
72 to improve the decision-making process (Knott et al., 2019). Currently there is a knowledge gap 
73 regarding maturity selection when planting is delayed past the optimum planting window. The 
74 critical planting date when yield reduction occurs has not adequately been determined for the 
75 different regions of Iowa. Farmers face a dilemma when determining whether to use a long or 
76 short maturity when planting has been delayed or replanting needs to occur past the optimum 
77 planting window.
78
79 Our objectives were to: 1) identify the optimum planting date (PD) for well adapted cultivars to 
80 maximize yields across seven locations and over three years in Iowa; 2) to estimate the risk 
81 associated with longer cultivar maturity groups (MG) when planting occurs beyond the 
82 optimum PD; and 3) develop easy to use predictors of grain yield. To meet our objectives, we 
83 analyzed a comprehensive, experimentally derived dataset from Iowa (n = 1,024), that has 
84 soybean PD and MG treatments across 21 site-years.
85
86 Materials and methods
87 Experiment sites
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88 Field experiments were conducted over three growing seasons from 2014 to 2016, at seven 
89 experimental sites across Iowa. These sites were chosen for their broad representation of 
90 Iowa’s climate and soil types and were recently described by Baum et al. (2019). All seven sites 
91 were located on Iowa State University research farms, with three of the sites located across 
92 northern Iowa, three sites across southern Iowa, and one site in central Iowa. Sites will be 
93 denoted as Northwest, North Central, Northeast, Central, Southwest, South Central and 
94 Southeast based on their respective locations across Iowa. Iowa’s Environmental Mesonet 
95 weather stations were the source of weather data for each site (IEM, 2016).
96
97 Experimental design and management
98 Treatments were replicated four times in a split-plot design with PD and MG as the main and 
99 sub-plot factors, respectively. Individual plot size was 4.6 m by 13.7 m and row spacing was 76 
100 cm. Soybean were planted following maize (Zea mays L.) at 345,800 seeds ha-1. In order to 
101 ensure that pests were not a limiting factor to yield, pesticides were applied as needed. Soil 
102 fertility for phosphorus, potassium and pH at each site was maintained per Iowa State 
103 University recommendations (Mallarino et al., 2013).
104
105 Planting date and maturity
106 Site-years contained four PD with the target PD for 1 May, 20 May, 10 June, and 1 July. Target 
107 dates were not attained in every site-year, due to variations in weather (Table 1). This created 
108 four categories of actual PD among site-years, early May, mid-May, early June, and early July. 
109 Some of the early May PD fell in late April and some of the early July fell into late June. 
110 Geographically adapted MG were used (Mourtzinis and Conley, 2017) which resulted in 
111 different maturities used in the northern sites as compared to the southern sites, and the 
112 central site used a combination of southern and northern maturities (Table 2). 
113
114 Measurements and calculations
115 Observations of seedling emergence and key reproductive stages of beginning bloom (R1), 
116 beginning pod (R3), beginning maturity (R7) and full maturity (R8) were recorded (Fehr & 
117 Caviness, 1977; Pedersen & Licht, 2014). Analysis was focused on the phenological durations of 
118 VE-R3 and R3-R7 periods to correspond with predominantly the vegetative growth period and 
119 the pod-set to seed filling period. Grain yield was determined by mechanically harvesting the 
120 center 4 rows of each plot with a Harvest Master weigh bucket system. All yield data were 
121 converted to 130 g kg-1 grain moisture content. Frost-killed plots were included in the analysis 
122 as the actual yield even though they were poor yielding and had poor seed quality.
123
124 The following formula was used to calculate growing degree days (GDD) (Eq. [1]):
125             [1]𝐺𝐷𝐷 =
Tmax + Tmin
2 ―𝑏𝑎𝑠𝑒
126 where Tmax and Tmin were the daily maximum and minimum temperatures, respectively, and 
127 a base of 10°C. When daily maximum temperatures exceeded 30°C, 30°C was used for Tmax, 
128 and when daily minimum temperatures fell below 10°C, 10°C was used for Tmin (Archontoulis 
129 et al., 2014). The total GDD accumulation was calculated for the VE-R3 and R3-R7 durations for 
130 each PD by MG combination.
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132 Data analysis and statistics
133 The mean yield of each treatment was calculated for each site-year. These mean yields were 
134 then averaged across the three years, and the highest yield of these values was used as the 
135 divisor for relative yield at each site. An analysis of variance (ANOVA) was used to determine 
136 treatment effects using a linear statistical model of the R statistical software (R Core Team, 
137 2017). The model provided statistical inference for the main effects of PD and MG and their 
138 interaction on grain yield. A mixed effects model was used where replication and year were 
139 considered a random effect and site, PD, and MG were considered fixed effects. Since site was 
140 significant (Table 3) and MG were nested by site, ANOVA’s were calculated separately for each 
141 site. 
142
143 A quadratic model was used to explain how PD affected relative grain yield. The nlme package 
144 in R was used to fit the relative grain yield response to planting date. The following non-linear 
145 model was used (Eq. [2]):
146 [2]𝑦 = 𝑎𝑥2 +𝑏𝑥 + 𝑐
147 where y = yield; x = planting day of year (DOY); and a, b, and c are coefficients specific to each 
148 site-year by MG combination. The model was applied separately to each site-year by MG 
149 combination (n = 63). 
150
151 The percent rate of yield loss was calculated from the maximum yield for each MG-site 
152 interaction in order to quantify the risk associated with using full-season cultivars under late 
153 planting conditions. Predicted values derived from equation 2 were used to fit curves to 
154 represent yield losses from the observed data points and to determine the mean grain yield 
155 over 10-day planting intervals from early May through early July (Table 4).
156
157 Linear (Eq. [3]), quadratic (Eq. [2]), and piecewise (Eq. [4]) models were used to identify 
158 relationships between duration, photoperiod, radiation, GDD, and precipitation with relative 
159 yield. The easynls package in R was used to fit the relative grain yield response to days, 
160 photoperiod, radiation, GDD, and precipitation. Before running the models, we took the 
161 average of MG by PD combinations for the southern sites and the northern sites. All three 
162 models were used to get a regression and the regression with the best fit (best R2 and other 
163 statistics) was used. The following are the linear and piece-wise models used, respectively (Eq. 
164 [3] & Eq. [4]):
165 [3]𝑦 = 𝑎 + 𝑏𝑥
166 [4]𝑦 = 𝑎 + 𝑏(𝑥 ― 𝑐)  with  𝑥 ≤ 𝑐
167 where y = yield; x =either days (Figure 3), hours day-1 (Figure 4), MJ m-2 (Figure 5), GDD (Figure 
168 6), or mm (Figure 7); and a, b, and c are coefficients specific to each PD by MG combination.
169
170 Relative yield in Figure 8 was calculated by finding the means of each planting date, when 
171 necessary, and dividing those values by the maximum mean yield of each study. The relative 
172 yields shown from this study are means across all PD, MG, and site-years. This figure was 
173 calculated this way as we did not have raw site-year data from each study analyzed.
174
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175 Results
176 Weather conditions and grain yield
177 Rainfall varied considerably among the site-years (Figure 1). Below average rainfall occurred at 
178 Northwest in 2014, Northwest and North Central in 2015 and South Central in 2016. Above 
179 average rainfall occurred in North Central, Northeast, Central, Southwest, South Central and 
180 Southeast in 2014; Central, Southwest and Southeast in 2015; and Northeast and Southwest in 
181 2016. Precipitation was a particular challenge during the 2014 growing season at the North 
182 Central site where some of the plots experienced flooding late summer before harvest resulting 
183 in no grain yield.
184
185 Fall frost can also be a yield limiting factor for soybean in Iowa. The typical killing frost (-2.22°C) 
186 date for Iowa falls in mid-October, data not shown. In over 90% of our site-years the fall frost 
187 date occurred after the historical average. However, several plots at North Central were 
188 damaged by a killing frost in 2014.
189
190 Effects on grain yield and crop phenology
191 Planting date had the strongest effect on grain yield (Table 3, Figure 2). Higher grain yields were 
192 achieved when PD occurred in May compared with June and July. Full-season MG had higher 
193 grain yields than the short-season MG for the three southern sites, whereas short-season MG 
194 had significantly higher grain yields than the full-season MG for the three northern sites. At the 
195 Central site, MG did not have significantly different grain yields.
196
197 Delays in PD to early July caused significant delays in flowering and maturity. This, in turn, 
198 shortened the vegetative and reproductive intervals (Figure 3). The early May PD had a mean 
199 growing season length of 118 days. The growing season length decreased to 113, 94 and 92 
200 days for the late May, early June and early July PD, respectively. From early May to the early 
201 July PD, the time from pod-set to maturity decreased from an average of 56 days to 44 days 
202 with average relative yield for those PD decreasing from 80% to 55%.
203
204 Optimum planting windows
205 The observed variability in grain yield response to PD across all the cultivar-specific models 
206 (n=63) from each site-year was illustrated in Figure 2 (model performance of the 63 individual 
207 regressions is included in Supplemental Table 3). The non-linear model used to describe the 
208 observed grain yields versus day of year performed well (mean R2 = 0.80). The model predicted 
209 yields were used to calculate the optimum PD for each site-year by MG interaction. Optimum 
210 PD for each site was realized on the DOY that had the highest grain yield for each year-MG 
211 combination. Frequency analysis of the optimum PD revealed that the optimum PD window 
212 was narrower for the North Central and Southeast sites, but was bi-modal for all sites, data not 
213 shown. 
214
215 Soybean MG had a minor effect on the yield response to PD. Thus, predicted mean values 
216 across MG were determined to assess the risk of yield loss from different PD. Using model 
217 predictions, declines in grain yield change began in mid-June with maximum relative yield most 
218 frequently found in mid-May (Figure 2, Supplemental Table 4). Relative yield of greater than 
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219 92% was achieved with PD in late May or earlier while PD before mid-June resulted in greater 
220 than 84% relative yield.
221
222 Critical thresholds for achieving optimum yields
223 Regression analysis between yield and key phenological events (Figure 3) revealed important 
224 relationships and thresholds in some cases. Using days as an explanatory variable we found 
225 significant relationships with relative yield, but the shape was variable between crop phases 
226 and locations. The VE-R3 period (emergence to pod-set) duration threshold to achieve the 
227 highest relative yield was 54 days for northern sites while no threshold could be determined for 
228 the southern sites (Figure 3A & 3C). For the northern sites, yield significantly drops when the 
229 threshold was not reached. An optimum duration was not reached at the northern or southern 
230 sites for the R3-R7 period (pod-set to physiological maturity) (Figure 3B & 3D). At the northern 
231 sites the maximum duration attained was 61 days while the maximum duration attained at the 
232 southern sites was 57 days.
233
234 There was a strong linear relationship between mean photoperiod and yield during the VE-R3 
235 period (R2 = 0.91, Figure 4A; R2 = 0.92, Figure 4C). The higher mean photoperiod resulted in 
236 higher relative yield for the VE-R3 period of both the northern and southern sites, but no 
237 thresholds were reached (Figure 4A & 4C). The northern sites reached an optimum mean 
238 photoperiod for the R3-R7 period at 14.3 hours day-1 (Figure 4B). A photoperiod of 13.5 hours 
239 day-1 during the R3-R7 period was the optimum for maximizing yields at the southern sites 
240 (Figure 4D).
241
242 High soybean yields were achieved when accumulated radiation during the R3-R7 period 
243 reached 946 and 1074 MJ m-2 for the northern and southern sites, respectively (Figure 5). 
244 Relative yield gradually declined from the threshold as radiation decreases for both the 
245 northern and southern sites (Figure 5). During VE-R3 phase, we found a GDD threshold of about 
246 700oC-days in both northern and southern sites for maximizing yield. In contrast, the 
247 relationship between GDD and relative yield during R3-R7 phase was linear, indicated higher 
248 yield with more GDD. With the optimum R3-R7 duration ranging from 61 to 66 days and the 
249 cumulative GDD not reaching a threshold, this illustrates the importance of planting early 
250 enough to avoid delays in flowering, pod set, and seed filling periods.
251
252 The relationship between precipitation and yield was different between locations and crop 
253 phases. A precipitation accumulation threshold was not reached for the northern sites VE-R3 
254 period (Figure 7A). Precipitation accumulation during the R3-R7 period reached a high relative 
255 yield threshold at 215 mm for the northern sites. Relative yield declined significantly when that 
256 threshold was not reached and a minimum of 213 mm of precipitation was needed to achieve 
257 80% relative yield (Figure 7B). For the southern sites VE-R3 period, an optimum was reached at 
258 321 mm of precipitation, and 271 mm were needed to achieve 80% relative yield (Figure 7C). 
259 The southern sites did not reach a threshold for the R3-R7 period, but relative yield increased as 
260 precipitation accumulation increased (Figure 7D). To achieve 80% relative yield, it was found 
261 that the R3-R7 period needed at least 245 mm of precipitation. This shows the importance of 
262 both radiation and precipitation during the R3-R7 period.
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263
264 Overall, mean photoperiod was an important variable for predicting yield during the VE-R3 
265 period with an R2 = 0.91 and 0.92 for the northern and southern sites, respectively. 
266 Precipitation and GDD were less reliable variables during the VE-R3 period with GDD having R2 = 
267 0.85 and 0.69 for the northern and southern sites, respectively, and with precipitation having 
268 no correlation between precipitation and relative yield for the northern sites and an R2 = 0.77 
269 for the southern sites. Radiation interception was not measured so there are no results for the 
270 VE-R3 period. For the R3-R7 period, precipitation, radiation, photoperiod and GDD are all 
271 important variables. However, GDD was the most important of the four variables for predicting 
272 yield for the R3-R7 period with an R2 = 0.90 for the northern sites and R2 = 0.96 for the southern 
273 sites. Growing degree days and photoperiod are the most important of the variables since they 
274 are known to influence the rate of development in soybean (Pedersen and Licht, 2014; Major et 
275 al., 1975). Radiation was also important as it is a driver of photosynthesis, but as the R3-R7 
276 period is pushed later in the growing season the radiation quantity and quality decreases.
277
278 Discussion
279 The importance of soybean MG on grain yield was recently studied at the regional scale by 
280 Mourtzinis and Conley (2017). However, to more deeply understand the interactions between 
281 MG, PD, and locations towards developing better recommendations we need factorial 
282 experiments in which both PD and MG are studied at the same time. Our study offers the most 
283 comprehensive database for Iowa. To our knowledge state level soybean PD recommendations 
284 for Iowa have not been updated since 2007 by De Bruin et al. and there is limited research on 
285 soybean MG selection based on PD across the Midwestern US. The results of this study show 
286 that by planting prior to 20 May farmers can achieve yield potentials greater than 92% and that 
287 MG selection was less influential on soybean yield than PD. Since we did not study multiple 
288 cultivars within each MG it could be that we saw less influence because of genetics and not 
289 necessarily variety maturity as indicated by Rincker et al. (2014). Additionally, our study used a 
290 narrow range of maturities that were well adapted for the location. If a wider MG range had 
291 been used it is likely that substantial MG difference would have been detected (Edwards and 
292 Purcel, 2005). Additionally, the study can help farmers and modelers forecast yield potential 
293 when planting is delayed beyond mid-May.
294
295 Our data combined with nine other studies (Figure 8) showed that soybean yield response to 
296 delayed PD has not changed for Iowa and much of the major soybean growing region of the US 
297 despite changing climate patterns (Anderson and Vasilas, 1985; Beaver and Johnson, 1981; De 
298 Bruin et al., 2007a; De Bruin et al., 2007b; Elmore, 1990; Hankinson et al., 2015; Oplinger and 
299 Philbrook, 1992; Pedersen and Lauer, 2003; Wilcox and Frankenberger, 1987). The locations in 
300 this review contain similar variety maturities and growing season length to our Iowa locations. 
301 The use of well adapted varieties that fully take advantage of the growing season for the given 
302 area likely explains why late planting consistently results in lower yield potential regardless of 
303 location or year. This is important because increased variability in precipitation frequency and 
304 quantity and increased temperature have been observed (Hatfield et al., 2018). Water 
305 availability will be the greatest weather factor to effect soybean yield in the future. We see 
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306 later PD due to excess rain in the spring causing planting delays or increased need for replanting 
307 (Kistner et al., 2018; USDA-NASS, 2018).
308
309 While earlier PD have been known to yield more, there is the expectation that too early of a PD 
310 increases risk due to killing frost or poor soil conditions (Anderson et al., 1985; De Bruin et al., 
311 2007a; De Bruin et al., 2007b; Robinson et al., 2009). Our study was focused on a range from 
312 average to late planting dates, with the increasing climatic variability, frequent delays in 
313 planting are observed across Iowa and the Midwestern US (Kistner et al., 2018; Hatfield et al., 
314 2018; Hamlet et al., 2019). In 4 of the 7 sites we found an optimum, and in these cases the 
315 optimum was from 1 May to 20 May (DOY 120 to 140). 
316
317 Our study found an inconsistent yield drop between northern and southern sites when planting 
318 was delayed from early June to early July, with northern sites losing an average of 15 kg ha-1 
319 day-1 and southern sites losing an average of 35 kg ha-1 day-1. These observations suggest that 
320 early planting is of greater importance for farmers in southern Iowa in order to achieve 
321 maximum yields. This could be explained by longer maturing cultivars planted in southern sites 
322 and a longer growing season, but the same planting dates were used at both the northern and 
323 southern sites. This could also indicate that GDD are more influential in northern Iowa while 
324 days are more influential to soybean yield in southern Iowa as the VE-R3 period for the 
325 northern sites reached a threshold a week before the southern sites (Figure 3A & 3C).
326
327 Late planting of soybean has a tremendous impact on grain yield relative to the VE-R3 and R3-
328 R7 periods. In our study we found that the duration of each of these periods was shortened and 
329 in turn, led to a decrease in cumulative radiation, precipitation, GDD, and average photoperiod; 
330 this is a similar finding to Salmerón et al. (2014). When precipitation and GDD accumulation 
331 decrease during the R3-R7 period we see a significant decline in relative yield. A shortened 
332 growing season results in reduced biomass accumulation before flower initiation and decreased 
333 accumulated dry matter during grain filling (Anderson et al., 1985; Wilcox et al., 1987). One 
334 management practice to increase radiation interception, in late or early planted soybean, is to 
335 decrease row spacing (Salmerón et al., 2015). Duration of soybean development periods, 
336 especially R3-R7, alone are a combined effect of precipitation, radiation, photoperiod and GDD. 
337 Because these factors are important, there is justification to explain how they are influencing 
338 soybean growth and development for use within crop models. This descriptive analysis provides 
339 new data that can further test and improve crop production models.
340
341 In the past, researchers have found greater grain yield of full-season MG than short-season MG 
342 when planted earlier in the growing season; while short-season MG have a grain yield 
343 advantage when planted later in the growing season (Nafziger, 2015; Vossenkemper et al., 
344 2016). The same trend was true for our northwest, southwest, south central, and southeast 
345 sites while there was no evidence to support the use of short-season MG when late planting 
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350 Planting soybean earlier in the growing season is a management practice that can be used to 
351 increase yield. However, increased climate variability can limit this. Maturity selection within a 
352 range of 2.2 to 3.9 did not significantly impact grain yield in this study, but it is still important to 
353 choose a cultivar maturity appropriate to the growing environment. R3-R7 was an important 
354 period in determining grain yield potential and was affected by planting date. The R3-R7 period 
355 was shown to begin earlier, last longer and accumulate more radiation, precipitation, GDD, and 
356 higher mean photoperiod, when planting occurred earlier. An average yield loss of 11 kg ha-1 d-1 
357 was observed when planting was delayed beyond 20 May, this occurred because the VE-R3 and 
358 R3-R7 durations were shortened. With more climate variability and improved cultivars, it is 
359 important to continue studying the effect of planting date to optimize soybean management 
360 and improve PD recommendations.
361
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Tables
Table 1. Actual planting date for each experimental site-year.
Year Northwest North Central Northeast Central Southwest South Central Southeast
2014 5-May 7-May 5-May 6-May 5-May 6-May 5-May
20-May 20-May 19-May 20-May 19-May 20-May 19-May
11-Jun 10-Jun 9-Jun 10-Jun 3-Jun 12-Jun 12-Jun
3-Jul 9-Jul 28-Jun 8-Jul 3-Jul 26-Jun 27-Jun
2015 30-Apr 1-May 1-May 6-May 1-May 30-Apr 4-May
19-May 23-May 19-May 20-May 21-May 19-May 19-May
9-Jun 10-Jun 9-Jun 10-Jun 2-Jun 10-Jun 10-Jun
30-Jun 1-Jul 30-Jun 8-Jul 1-Jul 30-Jun 1-Jul
2016 7-May 6-May 4-May 6-May 6-May 9-May 9-May
20-May 21-May 18-May 19-May 20-May 19-May 22-May
7-Jun 10-Jun 8-Jun 9-Jun 10-Jun 9-Jun 9-Jun
1-Jul 1-Jul 30-Jun 1-Jul 29-Jun 29-Jun 29-Jun
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Table 2. Varieties and their corresponding MG utilized at each site.
Variety† MG Northwest North Central Northeast Central Southwest
South 
Central Southeast
P22T69R 2.2 x x x x
P25751R 2.5 x x x x x x x
92Y75 2.7 x x x
P35758R 3.5 x x x x
P39T67R 3.9 x x x
† DuPont Pioneer, Johnston, IA
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Table 3. Site means and standard error (se) across planting date (PD) and maturity group (MG). 
Including an analysis of variance for each treatment means effect on grain yield. Dash mark 
represent no data since MG was nested within site and not all sites had all MG.
PD MG Northwest North Central Northeast Central Southwest South Central Southeast
Mg ha-¹ Mg ha-¹ Mg ha-¹ Mg ha-¹ Mg ha-¹ Mg ha-¹ Mg ha-¹
Early May - 4.64a 3.28a 3.98a 3.16a 3.65a 4.47a 4.18a
Mid-May - 4.35ab 3.19a 4.06a 3.37a 3.74ab 4.66a 3.91b
Early June - 4.04b 2.97a 3.69b 3.12a 3.25b 4.03b 3.38c
Early July - 3.45c 2.44b 3.10c 1.98b 2.24c 2.93c 2.63d
se 0.08 0.08 0.03 0.05 0.08 0.06 0.04
2.2 4.30b 2.99a 3.79a 2.92a - - -
2.5 3.94a 2.98a 3.70a 2.87a 3.19a 3.79b 3.28b
2.7 - 2.93a 3.63a 2.91a - - -
3.5 - - - 2.92a 3.22a 4.17a 3.61a
3.9 - - - - 3.25a 4.11a 3.68a
se 0.09 0.08 0.05 0.06 0.09 0.08 0.06
ANOVA
Planting date (PD) *** ** *** *** *** *** ***
Maturity Group (MG) * ns† ns ns ns * ***




† ns, not significant.
ǂ values followed by different letters in a column are significantly different at the 0.05 probability level for the PD and MG main effects.
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Figure Captions
Figure 1: Difference from mean historical precipitation (mm) across the growing season (April 1 
to October 31). The horizontal line at y = 0 represents the mean 35-year precipitation for the 
site. The center right plot shows daylength over the growing season based on geographic 
location (northern, central, and southern Iowa).
Figure 2: Soybean grain yield response to planting date. Shape and color correspond to 
individual MG. Lines are predicted values of site-year by MG and points represent actual data. 
The left column, middle panel illustrates the quadratic response curve variability for each 
individual MG by site-year (see Supplemental Table 3 for regression coefficients). The right 
column, middle panel shows measured versus predicted grain yield for each PD by MG by site-
year.
Figure 3: Relative grain yield relationships with the duration (days) of key phenological stages. 
The top row is the northern sites and the bottom row is the southern sites. The left column 
represents the VE-R3 period and the right column represents the R3-R7 period. Each symbol 
represents a site-year by maturity group combinations. The interaction between PD and MG is 
not statistically significant (see Supplemental Table 5 for regression coefficients).
Figure 4: Relative grain yield relationships with the mean photoperiod per day within the VE-R3 
and R3-R7 periods. The top row is the northern sites and the bottom row is the southern sites. 
The left column represents the VE-R3 period and the right column represents the R3-R7 period. 
Each symbol represents a site-year by maturity group combinations. The interaction between 
PD and MG is not statistically significant (see Supplemental Table 6 for regression coefficients).
Figure 5: Relative grain yield relationships with the cumulative radiation (MJ m-2) within the R3-
R7 period. The top panel is the northern sites and the bottom panel is the southern sites. Each 
symbol represents a site-year by maturity group combinations. The interaction between PD and 
MG is not statistically significant (see Supplemental Table 7 for regression coefficients).
Figure 6: Relative grain yield relationships with the cumulative growing degree days within the 
VE-R3 and R3-R7 periods. The top row is the northern sites and the bottom row is the southern 
sites. The left column represents the VE-R3 period and the right column represents the R3-R7 
period. Each symbol represents a site-year by maturity group combinations. The interaction 
between PD and MG is not statistically significant (see Supplemental Table 8 for regression 
coefficients).
Figure 7: Relative grain yield relationships with the cumulative precipitation (mm) within the 
VE-R3 and R3-R7 periods. The top row is the northern sites and the bottom row is the southern 
sites. The left column represents the VE-R3 period and the right column represents the R3-R7 
period. Each symbol represents a site-year by maturity group combinations. The interaction 
between PD and MG is not statistically significant (see Supplemental Table 9 for regression 
coefficients).
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Figure 8: Summary of 8 experiments conducted in the Midwest, US from 1980 to 2016 with an 
average of all PD and MG for this study.
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Supplemental material 
Supplemental Table 1. Location and soil summary for each experimental site-year.
Year Site Latitude degrees N Longitude degrees W Soil Series Soil Classification
2014/2016 Northwest 42.928315 95.538114 Galva Fine-silty, mixed, superactive, mesic Typic Hapludolls
North Central 42.914867 93.790702 Canisteo Fine-loamy, mixed, superactive, calcareous, mesic Typic Endoaquolls
Northeast 42.940226 92.568560 Kenyon Fine-loamy, mixed, superactive, mesic Typic Hapludolls 
Readlyn Fine-loamy, mixed, superactive, mesic Aquic Hapludolls
Central 42.010602 93.742283 Nicollet Fine-loamy, mixed, superactive, mesic Aquic Hapludolls
Clarion Fine-loamy, mixed, superactive, mesic Typic Hapludolls
Southwest 41.309837 95.183666 Marshall Fine-silty, mixed, superactive, mesic Typic Hapludolls
South Central 40.974864 93.420158 Grundy Fine, smectitic, mesic Aquertic Argiudolls
Southeast 41.191977 91.480351 Taintor Fine, smectitic, mesic Vertic Argiaquolls
2015 Northwest 42.927926 95.538799 Primghar Fine-Silty, mixed mesic, Aquic Hapludolls
North Central 42.914641 93.789808 Canisteo Fine-loamy, mixed, superactive, calcareous, mesic Typic Endoaquolls
Northeast 42.942328 92.567735 Kenyon Fine-loamy, mixed, superactive, mesic Typic Hapludolls 
Central 42.012814 93.743343 Nicollet  Fine-loamy, mixed, superactive, mesic Aquic Hapludolls
Clarion Fine-loamy, mixed, superactive, mesic Typic Hapludolls
Southwest 41.327887 95.180568 Marshall Fine-silty, mixed, superactive, mesic Typic Hapludolls
South Central 40.971814 93.420158 Haig Fine, smectitic, mesic Vertic Argiaquolls
Southeast 41.203000 91.492431 Mahaska Fine, smectitic, mesic Aquertic Argiudolls
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Supplemental Table 2. Statistical analysis of the date of the crop phenological stage. Dash mark represent no data since MG was 
nested within site and not all sites had all MG.
Emergence DOY Flowering DOY Physiological Maturity DOY
PD MG Northwest
North 








Central Northeast Central Southwest
South 
Central Southeast
DOY DOY DOY DOY DOY DOY DOY DOY DOY DOY DOY DOY DOY DOY DOY DOY DOY DOY DOY DOY DOY
Early May 136 135 139 136 137 138 141 178 186 178 183 185 179 183 256 257 253 251 258 244 254
Mid-May 149 151 147 148 149 147 148 187 190 183 188 192 188 187 265 264 256 262 265 260 259
Early June 167 167 166 167 167 168 169 204 209 202 205 209 205 204 270 273 269 269 271 267 269
Early July 187 190 186 191 188 186 187 221 224 216 223 225 224 225 280 280 283 276 281 282 279
sd 2.39 3.54 1.08 2.60 2.80 3.52 2.34 3.08 6.24 3.30 6.62 4.45 9.44 3.33 4.08 2.19 2.63 3.32 4.58 6.22 5.88
2.2 160 161 160 161 - - - 197 202 192 200 - - - 266 267 262 265 - - -
2.5 160 161 160 161 160 160 162 198 203 195 200 201 199 198 269 266 266 265 264 260 258
2.7 - 161 160 161 - - - - 204 197 200 - - - - 267 269 265 - - -
3.5 - - - 161 160 160 162 - - - 200 203 199 201 - - - 265 269 260 268
3.9 - - - - 160 160 162 - - - - 205 199 201 - - - - 274 262 270
sd 19.55 20.84 18.15 20.87 19.81 19.05 18.64 17.06 16.58 15.07 17.19 15.90 19.55 16.88 9.53 7.26 12.06 9.72 8.52 14.03 10.28
ANOVA
Planting date (PD) *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** ***
Relative Maturity (RM) ns ns ns ns ns ns ns ns ns *** ns *** ns *** ** ns *** ns *** ns ***




† ns, not significant.
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Supplemental Table 3. Model parameters and goodness of fit of the quadratic model used to 
create the 63 lines in Figure 2.
Coefficients
Site Year MG a b c R2
Northwest 2014 2.2 -0.00058 0.14137 -4.32996 0.98
Northwest 2014 2.5 -0.00064 0.15943 -5.50181 0.98
Northwest 2015 2.2 -0.00008 0.00438 5.21228 0.98
Northwest 2015 2.5 -0.00001 -0.01606 6.79393 0.89
Northwest 2016 2.2 0.00018 -0.06600 10.34280 0.51
Northwest 2016 2.5 0.00034 -0.09391 11.45688 0.22
North Central 2014 2.2 -0.00014 0.03021 0.89167 0.08
North Central 2014 2.5 -0.00056 0.16532 -9.66524 0.10
North Central 2014 2.7 -0.00039 0.10560 -4.81785 0.14
North Central 2015 2.2 0.00014 -0.06541 10.07837 0.80
North Central 2015 2.5 -0.00009 0.00031 3.75362 0.11
North Central 2015 2.7 0.00014 -0.04681 7.30030 0.20
North Central 2016 2.2 -0.00030 0.07261 -0.61058 0.67
North Central 2016 2.5 -0.00061 0.17982 -9.54374 0.37
North Central 2016 2.7 -0.00003 -0.02390 6.05860 0.09
Northeast 2014 2.2 -0.00071 0.18441 -7.33363 0.97
Northeast 2014 2.5 -0.00087 0.24751 -13.05996 0.82
Northeast 2014 2.7 -0.00066 0.17101 -6.58500 0.91
Northeast 2015 2.2 -0.00012 0.01950 3.66833 0.94
Northeast 2015 2.5 -0.00006 0.00759 4.16115 0.80
Northeast 2015 2.7 -0.00016 0.04067 1.30278 0.53
Northeast 2016 2.2 -0.00038 0.09753 -2.44591 0.80
Northeast 2016 2.5 -0.00025 0.07254 -1.85709 0.40
Northeast 2016 2.7 -0.00073 0.21676 -12.39693 0.65
Central 2014 2.2 -0.00084 0.23533 -13.31769 0.88
Central 2014 2.5 -0.00074 0.21670 -12.78510 0.56
Central 2014 2.7 -0.00046 0.12437 -5.26618 0.60
Central 2014 3.5 -0.00037 0.09645 -3.23820 0.53
Central 2015 2.2 -0.00054 0.14637 -7.07856 0.37
Central 2015 2.5 -0.00076 0.22422 -13.40913 0.58
Central 2015 2.7 -0.00051 0.14212 -6.80183 0.64
Central 2015 3.5 -0.00040 0.10839 -4.35417 0.63
Central 2016 2.2 -0.00113 0.34094 -21.55960 0.36
Central 2016 2.5 -0.00129 0.35876 -22.51202 0.74
Central 2016 2.7 -7.66383 0.01490 2.88727 0.03
Central 2016 3.5 -0.00143 0.42271 -26.98550 0.36
Southwest 2014 2.5 -0.00131 0.38630 -24.79033 0.35
Southwest 2014 3.5 -0.00064 0.16000 -5.63210 0.97
Southwest 2014 3.9 -0.00060 0.13748 -3.01923 0.94
Southwest 2015 2.5 -0.00048 0.10956 -1.53733 0.86
Southwest 2015 3.5 -0.00033 0.07961 -0.48259 0.81
Southwest 2015 3.9 -0.00013 0.01297 4.83555 0.92
Southwest 2016 2.5 -0.00082 0.23699 -14.49175 0.31
Southwest 2016 3.5 -0.00055 0.16815 -10.39025 0.07
Southwest 2016 3.9 -0.00055 0.16234 -9.63054 0.10
South Central 2014 2.5 -0.00104 0.28366 -14.75861 0.72
South Central 2014 3.5 -0.00153 0.43369 -25.82708 0.85
South Central 2014 3.9 -0.00139 0.39219 -22.96914 0.89
South Central 2015 2.5 -0.00127 0.36939 -23.11493 0.59
South Central 2015 3.5 -0.00064 0.16417 -6.14740 0.73
South Central 2015 3.9 -0.00067 0.17524 -7.20755 0.82
South Central 2016 2.5 -0.00042 0.09500 0.00859 0.89
South Central 2016 3.5 -0.00071 0.17877 -5.93128 0.74
South Central 2016 3.9 -0.00080 0.22057 -10.07363 0.62
Southeast 2014 2.5 -0.00021 0.04042 2.21839 0.64
Southeast 2014 3.5 -0.00068 0.17179 -6.37204 0.93
Southeast 2014 3.9 -0.00060 0.15225 -4.98466 0.82
Southeast 2015 2.5 0.00030 -0.10814 12.47685 0.39
Southeast 2015 3.5 -0.00008 -0.04270 8.05345 0.49
Southeast 2015 3.9 0.00011 -0.05333 8.93265 0.78
Southeast 2016 2.5 -0.00028 0.05286 1.70116 0.84
Southeast 2016 3.5 -0.00093 0.24301 -11.45547 0.97
Southeast 2016 3.9 -0.00078 0.20221 -8.75606 0.90
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Supplemental Table 4. Predicted means of grain yield changes per 10-day planting interval in 
response to planting delays across maturity group and year for each site.
Northwest North Central Northeast Central Southwest South Central Southeast
change in mean grain yield, kg ha-1 d-1
Early May -10 -1 7 24 11 20 -8
Mid-May -13 -4 0 11 0 3 -14
Late May -15 -7 -8 -2 -11 -14 -20
Early June -18 -11 -16 -15 -22 -30 -26
Mid-June -20 -14 -24 -28 -32 -47 -32
Late June -22 -18 -32 -40 -43 -64 -38
Early July -25 -22 -41 -54 -55 -83 -45
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Supplemental Table 5. Model parameters and goodness of fit of the models used to make the 
regressions in Figure 3.
Coefficients
Panel a b c R2
A 0.83400 0.02547 53.83536 0.89
B -0.00113 0.13668 -3.28416 0.67
C -0.24501 0.01780 - 0.65
D -0.00073 0.09572 -2.23184 0.89
Supplemental Table 6. Model parameters and goodness of fit of the models used to make the 
regressions in Figure 4.
Coefficients
Panel a b c R2
A -3.77915 0.30875 - 0.91
B -0.05793 1.65033 -10.87653 0.91
C -5.69629 0.44010 - 0.92
D 0.16361 4.42912 -29.15300 0.86
Supplemental Table 7. Model parameters and goodness of fit of the models used to make the 
regressions in Figure 5.
Coefficients
Panel a b c R2
A 0.84500 0.01109 946.49872 0.87
B 0.84900 0.00092 1073.54371 0.98
Supplemental Table 8. Model parameters and goodness of fit of the models used to make the 
regressions in Figure 6.
Coefficients
Panel a b c R2
A -0.00001 0.01856 -5.56007 0.85
B 0.32428 0.00084 - 0.9
C -0.00001 0.01697 -5.16336 0.69
D -0.00059 0.00137 - 0.96
Supplemental Table 9. Model parameters and goodness of fit of the models used to make the 
regressions in Figure 7.
Coefficients
Panel a b c R2
B 0.82375 0.00886 215.17350 0.73
C -0.00002 0.01448 -1.46769 0.81
D -0.09454 0.00365 - 0.84
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